ABSTRACT The distributional pattern of the four known karyotypes (male 2n ϭ 37, 39, 43, 45) of the Cryptocercus punctulatus Scudder species complex is reported, based on 71 sites in the Southern Appalachian Mountains with an emphasis on western North Carolina. Populations with different karyotypes are geographically structured in a mosaic, with at least one karyotype occurring in two disjunct regions. Abrupt geographic transitions between karyotypes suggest a parapatric distribution. We found no overlap in the distribution of the different karyotypes, as recently suggested. Although the boundary zones between karyotypes do not appear to coincide with physical or ecological barriers to dispersal, several transitions between karyotypes occur on or near the highest mountains in the southern Appalachians. We suggest that the different karyotypes arose by vicariance, with current boundaries formed by secondary contact when populations isolated in glacial refugia subsequently spread into high-mountain habitats. Because of their dependence on mature mesic forests, populations of the cockroach likely advance up and down mountainsides in cycles of advances and retreats dictated by climatic oscillations that raise and lower the timberline. We discuss the taxonomic status of the different karyotype groups in the C. punctulatus complex, and conclude that more exacting evidence is required to establish if species-level status is warranted. The conclusions of certain earlier studies are weak because, among other things, karyology was not examined in the sampled specimens, including those designated as types.
THE WINGLESS, WOOD-FEEDING cockroach genus Cryptocercus is found in two disjunct regions within the United States: Cryptocercus clevelandi Byers in the PaciÞc Northwest, and the Cryptocercus punctulatus Scudder species complex in the Appalachian Mountains of the East. Although studies to date indicate that C. clevelandi invariably has a diploid chromosome number of 48 in females and 47 in males, four karyotypes have been detected in the C. punctulatus complex. In 1970, Cohen and Roth (1970) reported a diploid number of 40 for females (2n ϭ 39 in males) from the area of Highlands, NC, whereas Luykx (1983) found males with 37 chromosomes in the Highlands area, and with 43 chromosomes at Mountain Lake, VA. A fourth male chromosome number, 2n ϭ 45, was reported from the Asheville, NC, area by Kambhampati et al. (1996) . The midpoint of the karyotype series, 2n ϭ 41, has not been detected. The different chromosome numbers are due to Robertsonian changes involving the Þssion or fusion of nonhomologous autosomes (Luykx 1983 ). These do not fundamentally alter the genic content of the arms of the chromosomes involved, but they do change the chromosome number. Either two chromosomes with terminal centromeres are fused into one chromosome with a centromere near the middle, or a chromosome with a median centromere is split into two chromosomes with terminal centromeres (White 1973) .
Initial 12S rDNA and 16S rDNA phylogenetic analysis of C. punctulatus of known karyotype (10 sites in four states) suggested an evolutionary decrease in chromosome number, characterized by successively interior branches of the tree associated with progressively lower numbers (Kambhampati et al. 1996) . Cryptocercus from the sole 2n ϭ 45 site (Asheville, NC), however, grouped with the lowest chromosome number (2n ϭ 37) (Fig. 1a) . Burnside et al. (2000) reanalyzed the data from 11 locations (10 of known chromosome number) used by Kambhampati et al. (1996) together with data from 11 additional sites. The resulting tree differed from that of Kambhampati et al. (1996) most notably in that the 37-chromosome karyotype was paraphyletic (Fig. 1b) and the 45-chromosome karyotype was basal. A third phylogenetic tree ( Fig. 1c) was obtained when a subset of the 12S rDNA and 16S rDNA data used by Burnside et al. (2000) together with one additional site was combined with data from the ribosomal internal transcribed spacer two (Clark et al. 2001) . Steinmiller et al. (2001) analyzed 12S rDNA and 16S rDNA data from 22 sites included in the aforementioned studies and 33 additional locations. In their phylogenetic trees and discussion they indicated that the 43-chromosome karotype is basal. Yet, the sites that these authors assign to the 45-chromosome karyotype ("C. wrighti") in Appendix 1 are assigned to the 43-chromosome karyotype ("C. punctulatus") in their Figs. 1 and 2, and vice versa. Consequently, it is unclear which karyotype is basal and to which karyotypes the subsequent diagnostic characters and sequence divergence estimates refer. Additionally, in all three of the latter studies (Burnside et al. 2000 , Clark et al. 2001 , Steinmiller et al. 2001 , chromosome numbers from locations not initially reported by Kambhampati et al. (1996) were inferred from the molecular data, as chromosome counts were not done.
Based on their molecular data, Burnside et al. (2000) named three new species of Cryptocercus in the eastern United States (C. wrighti Burnside, Smith & Kambhampati; C. darwini Burnside, Smith, & Kambhampati; and C. garciai Burnside, Smith & Kambhampati) . Their proposal of species-level status for each of the karyotypes may have been premature for a number of reasons discussed below. Notably, chromosome numbers are known for only part of the sample, the evolutionary relationships among members of the species complex are not yet certain, reproductive compatibility has not been investigated, and, although morphological variation is apparently present, it has not been demonstrated that this variation consistently distinguishes karyotype groups. We believe specieslevel subdivision of the C. punctulatus complex requires stronger evidence.
Here we address distributional patterns of karyotypes of the C. punctulatus complex in the southern Appalachian Mountains. A delineation of the geographic structure of variation is basic to understanding both speciation and biogeographic processes (Brown et al. 1996 , Roderick 1996 and should precede the erection of cryptic species on the basis of molecular data (Tilley and Mahoney 1996) . Cryptocercus is particularly well suited to an analysis of distributional history. Winglessness and xylophagy restrict their dispersal (Nalepa and Bandi 1999) thus conserving patterns of geographic variation that were created during the establishment of current distributions (Cruzan and Templeton 2000) . Moreover, their dependence on cool, moist, rotting wood for food and shelter during all life stages ties the distribution of Cryptocercus to mature, mesic forests (Nalepa et al. 1997) , whose historical patterns of change in the southeastern United States can be inferred from the pollen fossil record.
Our objectives here are to use chromosome number as the organizing principle to deÞne the distributional pattern of karyotypes in Cryptocercus in the Southern Appalachian Mountains, to determine if there are natural physical or ecological breaks that may offer a basis for explaining the distribution, and to analyze the current distribution of karyotypes in relation to the history of the environment.
Materials and Methods
Adults of Cryptocercus were collected from 71 sites in the southern Appalachian Mountains between 1987 and 2000 (Appendix 1). We focused on the mountains of North Carolina (54 sites), because they are a known center of biological diversity (Brooks 1971) , and because previous studies indicated four karyotypes in the state. Collections included a transect of 13 sites along the high elevation ridges and summits of the Blue Ridge Parkway, three monadnocks (isolated mountains) in state parks of the Piedmont, and three sites in the Great Smoky Mountains National Park. The insects were collected under permits BLRI-99 Ð 019, GRSM-99 Ð 063, NC-DENR 99 Ð 011 and yearly permits from the North Carolina Wildlife Resources Commission. At each site, specimens were sampled from rotted logs in an area not Ͼ50 m across; in some sites all collected insects were found in a single log. (table  1, p. 363, Burnside et al. 2000) . Nevertheless, in the cited text (p. 365) and their Þgure 4 (p. 374), these samples were assumed to have the 2n ϭ 37 karyotype, and the 2n ϭ 37 group was described as paraphyletic (p. 365).
Meiotic and mitotic chromosomes of testes from two to six males from each site were examined as described by Luykx (1983) . Chromosome numbers throughout this paper refer to the diploid (mitotic) complement of males. From the initial observations of Luykx (1983) , and from the almost universal XX/XO sex chromosome system of cockroaches (White 1976) , we assume the corresponding chromosome number in females, which have two X chromosomes, is one more than in the males (e.g., male 2n ϭ 45, female 2n ϭ 46).
Initial distributional data (12 sites) reported by Kambhampati et al. (1996) are included in the present data set. We excluded the karyotype extrapolations of Burnside et al. (2000) , Clark et al. (2001) , and Steinmiller et al. (2001) , because their chromosome numbers were inferred from molecular data; some chromosome numbers were inconsistently reported (e.g., Þgure 1 of Clark et al. [2001] assumed a chromosome number for two sites reported as unknown in table 1 of Burnside et al. [2000] ); there were irregularities in reported distributions (e.g., previously published [Kambhampati et al. 1996 ] 2n ϭ 43 karyotypes in North Carolina were not included; no Swain County exists in Tennessee; the 2n ϭ 45 karyotype was reported to exist in southwestern Virginia, with no supporting data; coordinates were unreported for a number of sites).
For our purposes, "karyotype" refers to chromosome number, as well as to the group of Cryptocercus individuals with that chromosome number. Throughout the text, MP refers to "Mile Post" reference points on the Blue Ridge Parkway (BRP), and GSM refers to the Great Smoky Mountains. Collection numbers in the text refer to sites in Fig. 2 , deÞned in Appendix 1. North Carolina sites were mapped using ArcView, version 3.2. Vouchers will be deposited in the North Carolina State University Insect Collection.
Results and Discussion
Distribution of Karyotypes. Mapped chromosome counts of collected Cryptocercus indicate that the distribution areas of the various karyotypes form a geographically structured mosaic (Fig. 2) . The currently known distribution of the 43-chromosome (henceforth "chr") karyotype encompasses the high rolling plateau in the northern third of western North Carolina, extends north along the Blue Ridge and Ridge and Valley Provinces into Virginia, and crosses the western border into Tennessee in at least one location (collection #5). Isolated populations of Cryptocercus in monadnocks of the Piedmont of North Carolina (Nalepa 2001 ) also have a karyotype of 43. Of these, the southernmost is from the South Mountains (collection #20), and the furthest east is from Hanging Rock (collection #9) in the Sauratown Mountains.
Southward, the transition from the 43-chr to 45-chr karyotype occurs between Linville Falls (collection #19) and Little Switzerland (collection #21) near the eastern edge of the Blue Ridge Front, and SamÕs Gap (collection #17) and Tanyard Gap (collection #37) on North CarolinaÕs western border with Tennessee. There has been one collection of the 45-chr karyotype in eastern Tennessee on Brush Creek Mountain (collection #38) just north of the French Broad River. On the eastern edge of the North Carolina mountains, the distribution of the 45-chr karyotype follows the Blue Ridge Mountains south to the vicinity of the border with South Carolina. White Oak Mountain (collection #26) just north of Tryon, NC, is the southeast corner of the currently known distribution. The southwest corner occurs at Bear Trap Gap Overlook (collection #34), MP 428.5 on the BRP. This site, however, is ßanked on the BRP by a 37-chr karyotype to the east (collection #52, MP 416.3), and a 39-chr karyotype to the northwest (collection #63, MP 446.7).
Most of the southwestern corner of North Carolina is occupied by Cryptocercus of the 37-chr karyotype, which splits two smaller populations with a chromosome number of 39. These latter disjunct populations are comprised of, Þrst, one site each in the GSM (collection #61), Balsam Mountains (#62), and Plott Balsam Mountains (#63) and second, three locations in the Hiwassee River Valley in the extreme southwest corner of the state (collections #64, 65, 66). The Hiwassee population is contiguous with the 39-chr population further south in Georgia. Two collections of the 37-chr karyotype have been made in the extreme northeast corner of Georgia, contiguous with populations of the same karyotype to their north.
Elsewhere, Cryptocercus has been collected in three sites in northeastern Alabama, at the southern limits of the Ridge & Valley Province; all of these have been of the 37-chr karyotype. The single collection in Kentucky (collection #60), on the Cumberland Plateau near the border with Tennessee, had a probable karyotype of 37 (only one dividing cell was found). Whether these populations are contiguous with each other and with populations of the same karyotype further east in the Blue Ridge Province in North Carolina has yet to be determined.
It is possible that the two populations of the 39-chr type in North Carolina may be connected in eastern Tennessee. If the 39-chr karyotype is continuously distributed, however, it would split the 37-chr population in North Carolina and Georgia from populations of the same chromosome number in Alabama (3 sites) and Kentucky (1 site). In either case, a complex geographic relationship between the 37-chr and 39-chr karyotypes is indicated.
General Ecology of Cryptocercus. All members of the C. punctulatus complex in the Appalachian Mountains appear ecologically homogenous, but the possibility of subtle undetected differences in ecological adaptations still remains. All karyotypes are uniformly found in moist wood rotting on forest ßoors. Different karyotypes are not associated with a particular plant host; each was collected from hardwood as well as coniferous logs. Throughout their range, the cockroaches vary in abundance in relation to patterns of tree mortality. Presently, they are numerous at high elevations in logs of Fraser Þr [Abies fraseri (Pursh) Poiret] killed by balsam woolly adelgid [Adelges piceae (Ratzeburg)]. Formerly, they were easily found in chestnut logs [Castanea dentata (Marshall) Borkhausen] abundant on forest ßoors because of chestnut blight (Hebard 1945) .
The lowest elevation at which Cryptocercus was collected during this study was at 244 m in Alabama (collection #58); the highest was at 1,701 m on the Blue Ridge Parkway in North Carolina (collection #34). At lower elevations and at the edge of their range, populations of Cryptocercus can be extremely local. The insect is found more often in hollows and on north facing slopes at the southern extreme in Alabama, on monadnocks (Nalepa 2001) , and at the (Miller 1986, Jones and Trosset 1991) , and laboratory tests indicate that the presence of Cryptocercus may interfere with feeding in Reticulitermes (Waller 1996) . Whatever the relationship between Cryptocercus and other woodfeeders, the former dominates the macrodetritivore guild in terms of biomass and breakdown of coarse woody debris in Southern Appalachian forests, with consequent impact on decomposition, soil formation and nutrient recycling (Speight 1989) .
Allopatric Distribution? The possibility of allopatry in the distribution of karyotypes was addressed by examining the correlation between potential geographic barriers and the borders between karyotypes. As in the grasshopper Caledia captiva (F.) and the termite Incisitermes schwarzi (Banks) (Moran and Shaw 1977, Luykx and Syren 1979) , current boundary zones between karyotypes of Cryptocercus do not appear to coincide with physical or ecological barriers to dispersal. In the Bald Mountains, both collection #36 and #37 are of the 45-chr karyotype and are located on the south and north sides of the French Broad River, respectively. Likewise, the same karyotype was found on opposite sides of the Little Tennessee River (collections #41 and 42; 2n ϭ 37), and on opposite sides of the Hiwassee River (collections #4 and 65; 2n ϭ 39).
Within the mountains, areas of lower elevation may be ecological barriers to gene ßow if the typically concomitant higher temperature and lower rainfall regimes of these areas are exacerbated by other factors, such as aspect. No Cryptocercus were found, for example, on a south-facing slope where the BRP crosses the French Broad River southwest of Asheville (elev. 640 m). The area is relatively dry for the Southern Appalachians, receiving Ϸ102 cm of precipitation annually (Catlin 1984) ; however, Cryptocercus of the 45-chr karyotype surrounded the site on all sides. Low elevation Piedmont separates the populations of Cryptocercus in monadnocks (all 2n ϭ 43) from those of the same karyotype above the Blue Ridge escarpment. Additional distributional breaks may be attributed to deforestation, land development, and other anthropogenic changes in the environment (as in ChinaNalepa et al. 2001b) . While these artiÞcial environmental modiÞcations may affect the distribution of the genus, they are too recent to be associated with currently exhibited genetic variation. Natural and artiÞ-cial discontinuities, however, may have implications for the future evolutionary trajectories of subtaxa within Cryptocercus.
Parapatric Distribution. The abrupt geographic transitions between karyotypes within the C. punctulatus complex suggest that their distributions are parapatric, i.e., the areas of distribution abut along common boundaries (Bull 1991) . We found no evidence of sympatry, as recently suggested by Steinmiller et al. (2001) . Organisms with limited mobility, such as Cryptocercus, are prone to forming parapatric boundaries, and can display a continuum of cases including those with hybridization prevented by differential adaptation to some feature of the environment (ecological parapatry), those with hybridization prevented by reproductive incompatibility, and those with hybrids in a narrow zone of overlap (hybridization parapatry) (Key 1982 , Bull 1991 . Hybridization is known to occur in various groups of closely related taxa, with at least a third of these showing chromosomal differentiation (Hewitt 1988). Sampling on a Þne geographic scale will be required to detect whether different karyotypes of the C. punctulatus complex meet, mate, and produce hybrids where their ranges abut.
Location of Parapatric Boundaries. Several of the observed geographic transitions between karyotypes of Cryptocercus occur in the vicinity of the highest mountains in the Southern Appalachians. A boundary between the 43-chr and 45-chr karyotypes was detected near the Black Mountains, which include the highest point east of the Mississippi River (Mt. Mitchell, 2,037 m). The 43-chr karyotype was collected to the north of the Black Mountains, near Burnsville, while the 45-chr karyotype occurs to the east, west and south of the range. A high elevation loop of the BRP between the Plott Balsam Mountains and Mt. Pisgah in the Great Balsam Mountains exhibits the highest degree of complexity, with three different karyotypes occurring within a 48.9-km length of the road. This is a major boundary zone separating the 45-and 43-chr groups to the north and northeast, from the 37-and 39-chr groups to the west, southwest and south. Northwest of this loop lie the GSM, with 16 peaks rising to altitudes of Ͼ1829 m (King and Stupka 1950) . Both the 37-and 39-chr karyotypes occur in the North Carolina section of the GSM, with the 45-chr karyotype found on the eastern border of the GSM National Park near Waterville Lake (collection #35). Lower elevation transitions between karyotypes also occur. As indicated by earlier work (Cohen and Roth 1970, Luykx 1983) , the Highlands vicinity (Macon County) may be a boundary zone between the 37 and 39-chr types.
Although three samples from the immediate vicinity of Highlands (collections #47Ð 49, elevation 1,000 Ð 1,220 m) were each of the 37-chr karyotype, the 39-chr type was found Ϸ14 km to the southwest, just over the border into Georgia (collection #71, elevation 730 m). The Highlands area is part of the southeastern escarpment region of the Blue Ridge and a known center of ßoristic diversity (Cooper and Hardin 1970) .
Biogeography. Our data show that the distribution of karyotypes does not correlate with geography in a simple pattern, i.e., populations with the smallest difference in chromosome number are not always adjacent to one another. Most notably, the 45-chr type in North Carolina is positioned geographically between the 37 and 39-chr karyotypes to the SW, and the 43-chr karyotype to the NE. As in other temperate species, and particularly Southern Appalachian endemics, the parapatric distributional mosaic exhibited by the C. punctulatus complex most likely reßects past glaciation cycles.
Although glaciers did not reach the southeastern United States (including North Carolina) during the Quaternary, the region was affected by the changes in global atmospheric circulation patterns that caused glacial advances and retreats. As indicated by both landform and pollen records, periglacial conditions prevailed in the Central and Southern Appalachian Mountains during the last full glacial interval (the Wisconsin Glacial Interval in North America), and were locally severe (Delcourt et al. 1993 , Braun 1989 . Vegetation shifted in both composition and location, and boreal forests extended across much of the region between 34 and 40Њ N latitude (Watts 1970 , Delcourt et al. 1993 . Like many organisms dependent on dead plant material, however, Cryptocercus would likely have little problem weathering plant species shifts in Southern Appalachian forests; host choice depends more on decompositional status than source tree species. Cryptocercus also has a degree of protection against climatic extremes, as the interior of a large log is an effective buffer. These properties, among others, afford the insect some measure of extinction-resistance (Nalepa and Bandi 1999, Nalepa et al. 2001a) .
Two factors that may have inßuenced historic distributional shifts in Cryptocercus in the Southern Appalachians are the absence of, Þrst, mature forest and thus coarse woody debris, and second, adequate moisture. Here we propose that the former drove Cryptocercus off high mountains during the cold, wet, full glacial periods, and the latter conÞned them to higher elevations in the warmer, drier interglacials.
Although all mountains of the southeastern United States are below timber line today, during glacial advances the tree-line in the Southern Appalachians was depressed to elevations that ranged from 914 to 1,500 m (King and Stupka 1950, Michalek 1969) . Mountain summits were mantled by extensive areas of alpine tundra, with discontinuous pockets of spruce and Þr krumholtz (Mills and Delcourt 1991, Delcourt et al.1993 ). The lack of host wood at high elevations would have forced Cryptocercus down off the mountains and into local refugia; the prevailing cool, moist climate also allowed them to spread into lower elevation forested sites, including the Piedmont. When glaciers began their ßuctuating retreat, the warming climate allowed for the migration of species out of refugia, and forests spread into previously inhospitable high altitude areas (Mills and Delcourt 1991 , Webb and Bartlein 1992 , Delcourt et al. 1993 . At low elevations, increasing summer warmth and drought concurrently restricted mesic forest and Cryptocercus to a few favorable islands of habitat (Martin 1958 , Hardin and Cooper 1967 , Delcourt et al. 1993 , Nalepa 2001 .
The four known karyotypes of Cryptocercus in the eastern United States all can be found in North Carolina between 35Њ 27Ј and 35Њ 36Ј N, where the Southern Appalachians are geographically widest and topographically most complex (White et al. 1993) . Numerous disconnected, variously oriented mountain ranges are separated by narrow, often river-Þlled valleys frequently Ͼ900 m lower in elevation. The resultant variation in habitat types and potential for habitat shifts (instead of losses) during climatic changes ensured that many organisms would have a good chance of Þnding suitable but discontinuous refugia during glacial advance. Ravines and slope habitats adjacent to major river valleys served as glacial refugia for mesic deciduous forest taxa (Delcourt and Delcourt 1981), and high elevations were barriers to their migration (Delcourt et al. 1993) . Cryptocercus may have shared the same refugia and migrational barriers. These cockroaches would have become spatially subdivided along with their habitat; if gene ßow between refugial populations was suspended for a sufÞcient period of time, the insects would have differentiated in situ. DiversiÞcation, then, would have been allopatric, because refuge formation is an ecologically vicariant process (Patton and da Silva 1998) . Winglessness and consequent low vagility of Cryptocercus would have accentuated population subdivision. The ranges of organisms with restricted dispersal capability are known to be easily fragmented (Vermeij 1986) .
With deglaciation, refugial populations of trees crept up mountain slopes, with Cryptocercus tracking their progress. The current high elevation contact zones between Cryptocercus karyotypes were likely formed when populations of different chromosome number advanced up opposing sides of the same mountains following the last glaciation. Parapatry often results from contact between taxa that had been isolated in refugia and subsequently spread so that their ranges now abut (Bull 1991) . Boundaries generally occur in places that would have been inhospitable to the organisms during the last ice age (Hewitt 1993), and are not uncommon at high altitudes [e.g., the orthopterans Podisma pedestris (L.) -Chapco 1997 , Chorthippus parallelus (Zetterstedt) -Hewitt 1993 . Disjunct populations of Cryptocercus with the same chromosome number may be independently derived, or may reßect distributional changes associated with successive glaciation cycles. Alternatively, this pattern may signal instability of the parapatric boundaries. Boundaries are dynamic, and may move as one taxon invades and takes over the other (Bull 1991 In a given area, distributional patterns are often strikingly congruent between phylogenetically unrelated taxa because habitat modiÞcations and shifts affect them simultaneously. Such parallelism in apparent biogeographic history is therefore good primafacie evidence for vicariance (Cranston and Naumann 1991, Cox and Moore 1993) . One example of a taxon with a distributional pattern strikingly similar to that of the C. punctulatus complex is the species complex of the plethodontid salamander Desmognathus ochrophaeus Cope (Fig. 3) (Tilley and Mahoney 1996) . The roughly congruent distributional patterns of these two disparate taxa may be attributed to similar population-level responses to a shared history of ecological isolating events. Both taxa are dependent on persistently cool, moist conditions and have limited mobility. It is possible that their populations contracted to and subsequently spread from ecologically and geographically similar glacial refugia.
It is likely that current parapatric boundaries between karyotypes of Cryptocercus are relatively new. The most recent spread of Appalachian endemics from refugia occurred during the past 20,000 yr, the time interval since the last major glaciation (Delcourt et al. 1993) . The question of when karyotypes actually differentiated, however, is more problematic. Many species complexes are thought to have diversiÞed in association with cycles of habitat expansion and contraction related to glacial advance and retreat. The Þrst ice advance into the Appalachians equivalent to that of the late Wisconsin occurred in the Pliocene Ϸ2.4 mya; glaciation intensiÞed in the middle and late Pleistocene (Braun 1989) . However, sequence divergence rates of the 16S rDNA of bacterial endosymbionts of the fat body estimated by Clark et al. (2001) suggest that divergence among the Southern Appalachian populations of Cryptocercus began in the Oligocene, 23Ð38 mya. If so, karyotype differentiations may have long predated the onset of the ice ages.
Karyotype Evolution. Two different scenarios could theoretically account for the four different karyotypes (2n ϭ 37, 39, 43, and 45) of C. punctulatus in the eastern United States. The most extreme form of one scenario is that the karyotype variants all arose independently from an ancestral population, and have no sequential evolutionary relationship with one another (the parallel scenario). In this case, the various karyotypes should display different centric fusions and/or Þssions. The second scenario is one in which an ancestral karyotype gave rise to a second containing a chromosomal Þssion or fusion, which in turn gave rise to a third with an additional chromosomal change, and so on (the sequential scenario). There are several possibilities for testing these alternatives. (1) Chromosome-banding studies and studies of chromosome pairing in meiosis in karyotypic hybrids could be used to examine whether Robertsonian changes are shared among the different karyotype groups. Such studies have not been carried out in Cryptocercus. (2) Another possibility is the construction of phylogenetic trees from a variety of genes, using samples in which chromosome number has been determined. Molecular studies to date have not resulted in a consistent branching order of the different karyotype groups. The tree obtained by Burnside et al. (2000) supports a sequential reduction hypothesis (see Fig. 1b) , with the exception of the apparent paraphyly of the 37-chr karyotype. Chromosomes were counted in just 10 of their 22 samples, however, so their evidence does not go beyond that of Kambhampati et al. (1996) . The latter study (see Fig. 1a ) also tentatively supports the sequential scenario. The sister-group relationship between karyotypes 37 and 45 is a noteworthy exception, however, and the small sample size weakens the conclusions of that study. (3) If sequential reduction in chromosome number occurred, one would expect, a priori, that karyotypes of higher number would appear as paraphyletic in mitochondrial DNA analyses, because the mitochondria of a newly evolved karyotype would arise as an offshoot of a subordinate branch of the mitochondrial tree of the ancestral karyotype. Such a pattern of paraphyly is unlikely in the case of the parallel scenario.
Centric fusions, each of which reduced the diploid number by two, are the most likely mechanism by which karyotype evolution proceeded in the C. punctulatus complex. Mechanically, it is probably easier to fuse chromosomes at the centromere region than to split them there, as the latter requires the generation of two new telomere sequences. Additionally, karyological studies of related species in a large number of insects and mammals suggest that fusions are more common than Þssions (White 1973) . Outgroup comparison with C. clevelandi (47-chr) from the northwestern United States further suggests an evolutionary reduction in chromosome number in the C. punctulatus complex. Even if we assume that the 45-chr karyotype is basal and that evolution proceeded by centric fusions, however, combinations of the parallel and sequential evolutionary scenarios may still occur, with homoplasies involved in chromosome reduction.
We offer two hypotheses for chromosome evolution by centric fusion in the C. punctulatus complex. The Þrst (Fig. 4A ) is in accordance with the current geographic pattern exhibited by the karyotype groups. The geographically central 45-chr type is assumed to be plesiomorphic and the source of two independent origins of the 43-chr karyotype. One of these 43-chr populations spread north and is currently represented by the extant group of that chromosome number. The other 43-chr population gave rise to the more southern 39-and 37-chr karyotypes by passing through a 41-chr stage; these hypothetical 43-and 41-chr populations subsequently became extinct. Disjunct populations with identical chromosome number in the southwest corner of North Carolina also may be polyphyletic.
The second hypothesis (Fig. 4B) involves the least number of chromosome changes, but would require substantial geographic reshufßing. In general, geographically adjacent populations that differ by pair of chromosomes are common within species and closely related species-groups in many insects and vertebrates, and can be explained by a single occurrence of each chromosomal change (Smith 1962; White 1968 White , 1978 Craddock 1970; Syren and Luykx 1981; Porter and Sites 1986; Morgan-Richards 1997) . In a few cases, such geographic patterns have been validated by meiotic chromosome pairing patterns of hybrids between the chromosomal races , or by comparisons of allozymes or DNA sequences to a given sequence of karyotypic change Davis 1989, Macgregor et al. 1990) . It is possible that chromosomal variants of the C. punctulatus complex do not exhibit this simple adjacent geographic pattern because of historic climatic cycles in the topographically complex mountains of southwestern North Carolina. Periglacial conditions in the Southern Appalachians occurred at least eight times in the last 0.85 million years (Braun 1989 ) with associated habitat shifts, contractions, and subsequent expansions from of an unknown number of refugia. The likelihood of repeated disruption and displacement of previously adjacent populations, then, make the scenario in Fig. 4B a feasible alternative hypothesis.
Taxonomic Status. The Burnside et al. (2000) naming of three new species within the C. punctulatus complex may be premature, as additional results relevant to taxonomic changes and capable of increasing our insight into Cryptocercus speciation are expected in the next few years. More importantly, the species descriptions are problematic for several reasons. First, Burnside et al. (2000) did not determine chromosome number for 12 sites they included in their analysis. They had karyological data for only 10 sites originally reported in Kambhampati et al. (1996) , which includes just one sample of the 45-chr type (Asheville, NC). Instead, Burnside et al. (2000, p. 364 ) inferred karyotypes for these 12 samples from their position on a tree constructed from rDNA. This inference is weak, because at the 10-sample stage the question is still whether rDNA-variation is congruent with karyotype variation. Second, the holotype of C. darwini (karyotype 37) comes from Desoto State Park (table 1, site 4 in Burnside et al. 2000) , and that of C. wrighti (karyotype 45) comes from Little Switzerland (site 17 therein), and for both sites the chromosome number was inferred from the rDNA-trees. Thus, for the type material (adult males) and type localities of these two species the karyotype is actually unknown. Our collection #21 from near the type locality of C. wrighti was indeed 2n ϭ 45, but Little Switzerland is also at or near a boundary with the 43-chr karyotype (Fig. 2) . The third problem lies with the status of the Cryptocercus specimens collected by Burnside et al. (2000) from three sites in the western part of the range (Tennessee and Kentucky). Only rDNA results are available for these samples (Cumberland, Dan Boone, and Big South Fork), which place them as a monophyletic sister group of the 37ϩ39-chr clade (see Fig. 1b ); these were nonetheless assigned to the newly erected species C. darwini. The insufÞciently resolved congruence between rDNA and karyotype, the lack of karyological data for type specimens, and the inconsistent treatment of DNA-tree branches as species, then, make the species descriptions of Burnside et al. (2000) troublesome.
Currently, there is no evidence of habitat differences among the different karyotypes of the C. punctulatus complex, nor evidence of divergence in behavior, size, life history, gut symbionts, or tergal gland secretions. In contrast, the latter four characters distinguish C. clevelandi from the 43-chr karyotype at Mountain Lake, VA (collection #4) (Nalepa et al. 1997) . A detailed comparative morphological study of the C. punctulatus complex is yet to be done. Burnside et al. (2000) suggested that tergum X and coxosternum IX (male subgenital plate) show a similar outline in C. clevelandi (2n ϭ 47) and karyotype 45 of the C. punctulatus complex, but they detected no differences among the 37-, 39-, and 43-chr types. Their morphological observations were based on individuals from unspeciÞed localities (Burnside et al. 2000, p. 370) , making validation difÞcult.
Experimental crosses indicate that postzygotic reproductive barriers occur between C. clevelandi from Oregon (2n ϭ 47) and C. punctulatus from Mountain Lake, VA (2n ϭ 43) (Kambhampati et al. 1996) . Mating and oviposition occurred in some experiments using females of the 43-chr karyotype, but the eggs did not hatch. No evidence of mating was found in crosses of the opposite direction, indicating that prezygotic barriers may be involved. At present, we cannot rule out that, within the C. punctulatus complex, matings between individuals of different karyotypes may result in fertile progeny. However, because of the limited mobility exhibited by all members of this genus, it is also possible that geographically distant populations within a karyotype are reproductively incompatible. Pairwise absolute nucleotide differences between populations with the same karyotype can exceed those between populations with different karyotypes (Fig. 5 , constructed from table 3 in Burnside et al. 2000) .
IntraspeciÞc chromosomal polymorphism within the C. punctulatus complex remains a possibility. Chromosome number is quite variable in insects, with differences found at the speciÞc, subspeciÞc, and race levels (John 1983). The cockroach Pycnoscelus indicus (F.) exhibits chromosomal polymorphism, with insects of different chromosome numbers capable of successful interbreeding (Cohen and Roth 1970) . It is also relevant (Lo et al. 2000) that several kalotermitid termite species have a tendency toward centric fusions and intraspeciÞc chromosomal polymorphism (Luykx and Syren 1979) . These different chromosomal types can be successfully cross-mated, and produce offspring with apparently normal development . This is evidence that in Dictyoptera, chromosomal changes can occur more frequently and become established in populations more rapidly than the changes that lead to reproductive isolation. Nevertheless, hybrid crosses and back crosses in the above-cited cases are yet to be done.
As with other taxa that are morphologically conservative but genetically variable, the C. punctulatus complex may engender a debate on the nature of species and the criteria employed to deÞne them (Frost and Hillis 1990 , Highton 1990 , Wheeler and Meier 2000 . Nonetheless, we consider it prudent to await a combined approach before introducing further taxonomic subdivision. In particular, more information is required to characterize the degree and source of reproductive isolation, as it is a common (though not universal) criterion for species deÞnition (Wheeler and Meier 2000) . Crossing studies, analyses of potential hybrid zones, and comparisons of trees based on maternally inherited and nuclear genes are therefore strongly indicated. Burnside et al. 2000) . Cryptocercus clevelandi Byers (2n ϭ 47) from Oregon is included to illustrate a known level of reproductive incompatibility (arrow).
Our data provide a fair estimation of the distribution of karyotypes of the C. punctulatus complex in the southern and eastern part of their range in the Southern Appalachian Mountains, but sampling is still incomplete. The species complex is recorded as far west as Mammoth Cave, KY, and as far north as southwestern New York state (Hebard 1917 (Hebard , 1937 . The present results nonetheless provide an indirect means of identifying karyotypes on the basis of geographic provenance in the most topographically complex part of the range, and provide a framework for testing relative divergence of populations within and between karyotypes. Still, caution is advised in identifying karyotypes by geographic provenance only. There may be island populations of one karyotype within the distribution area of another, and, eventually, the "missing" karyotype 41 could be among them.
